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ABSTRACT

An advanced statistical model is presented, which describes the SBS of a randomized laser beam interacting with
an underdense, expanding plasma. The model accounts for the self-focusing of speckles and for its influence on
the speckles SBS reflectivity in the regime where the effect of plasma heating is important. Plasma heating has an
important effect on speckle self-focusing and it decreases the SBS threshold and also decreases the SBS reflectivity.
The model exhibits a good agreement with the measured SBS levels at the LULI multi-beam facility for a broad
range of the laser and plasma parameters and both types of beam smoothing ~ RPP and PS. Both the model and
the experiments confirm that the PS technique allows to control the SBS level more efficiently than RPP.

Keywords: Stimulated scattering, laser speckle, self-focusing, collisions, ponderomotive force, randomized beam.

1. INTRODUCTION

The stimulated Brillouin scattering (SBS) plays an important role in the laser plasma interaction because it may
reflect a significant part of the laser energy and degrade the laser coupling to the target in the ICF conditions.
A significant progress in understanding the SBS has been achieved when it has been recognized that the SBS is
originating in high intensity speckles of the laser light,! and a SBS model has been developed®? that accounts for
speckle statistics, self-focusing of the laser light in speckles, and for the convective SBS amplification and saturation.
The statistical SBS model has already demonstrated a good agreement with the experiments.* In the present
formulation we account for recent achievements in the theory of nonlocal plasma transport and laser speckle statistics
and incorporate them in the model. Plasma heating makes a significant impact on the SBS: it results in a lower
threshold for the SBS excitation and also in a deeper density depletion which saturates the SBS reflectivity at a lower
level. This advanced model demonstrates much better agreement with experimental data on the SBS reflectivities,
time history of the backscattered signal, and the spatial location of the SBS activity for different laser intensities,
smoothing techniques, and plasma targets.

2. SBS FROM SELF-FOCUSED SPECKLES

2.1. Model for the speckle self-focusing

The model described below is an extention and amelioration of the model for the SBS reflectivity from the pondero-
motively self-focused speckles described in.%3 It is based on an assumption that each representative speckle is in a
stationary state, that is, the self-focused speckle is stable and the characteristic time of variation of laser and plasma
parameters is longer than the self-focusing time, ao/c,, and the time of SBS saturation, l,/c;. Here, ¢, is the ion
acoustic velocity, ag is the speckle radius, l, = v, Ly is the SBS convective amplification length, v, = v, /w, is the
normalized ion acoustic wave damping, and L, = ¢;/(du/dz) is the inhomogeneity length of the plasma expansion
velocity, u(z). For the typical parameters: v, = 0.1, ap = 3 um, l; = 5um, and ¢; = 0.2 um/ps, the equilibration
time is about 25 ps, which is short compared to the laser pulse and plasma evolution time ~ 400 ps.
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The propagation of laser light in a speckle is described in the paraxial approximation and assuming that the laser
electric field keeps approximately Gaussian shape, E = a~!\/P/mexp[—(r/a)? + i(kor?/2a) d-a + 9], The beam
power P is conserved in the present description and the equation for the beamlet radius a(z)

k3ald?a = 1+ 2 (wpe/c)® /oo rdr (1 - r*/a®) (6n/n.) exp(-r?/a?), (1)
0

has been derived by taking the radial moments of the paraxial wave equation. This method of moments agrees exactly
with the variational method? for the case of ponderomotive nonlinearity and it is also in much better agreement with
the numerical simulations than the paraxial ray method. The density perturbation in the speckle, én. is defined by
a combined action of the ponderomotive and thermal nonlinearities:

on(r)/ne = —=3.72p (c/wpe)* /000 kdk A(k)e;) Jo(kr) exp (—k*a®/4), 2)

where wpe is the electron plasma frequency, Jo is the zero-th order Bessel function, p = P/P, is the ratio of
the beamlet power to the critical power for the ponderomotive self-focusing, and the function A4 accounts for the
ponderomotive and thermal effects on the plasma density: 4 = 1/2+0.88Z5%/7(k)e;)™*/7 +2.34Z/[1 +5.5Z (k)es)?] 3
The temperature perturbations can be represented in the similar way as Eq. (2) with the function A substituted by
-Ar = -1/3-0.91Z%7(k).;)~*/7, which accounts for the heat transport from the speckle.

Equation (2) and the similar equation for the temperature perturbation are valid for |0n| < n. and |0T| <
T.. We extrapolate these formulae to finite amplitude perturbations with two modifications: (i) we introduce the
exponential saturation of the density perturbation, n(r)/n. = exp(dn/n.), and (ii) we accont for an increase of
the electron mean free path due to the density depletion and temperature increase in the speckle: Ae; = Aei(1 +
&80T (0)/T.)?/ exp(€6n(0)/ne). Then we solve Eq. (2) and the similar equation for 6T for on-axis density and
temperature perturbations, and the renormalized electron mean free path has been used then in Eq. (1) in calculations
of the integral in the right hand side. The empirical coefficient £ is considered as a free parameter. It affects the
depth of the density channel and the level of SBS reflectivity. We define this coffecient, £ ~ 0.5, by matching the
calculated SBS reflectivies to the experimental data.

2.2. Single-speckle SBS reflectivity

The equation for the SBS power, Pg, has been derived in? with assumption that the three-wave SBS interac-
tion length, s, is shorter than the characteristic length of the intensity variation along the speckle axis: d.Pp =
—eAQ(B) exp2G g, where ¢ is the effective noise level and A is the effective angle of the SBS emission. In the
present formulation we account for the intensity variation within the SBS interaction length, which may occur in the
regime of strong self-focusing: the SBS gain Gp and the parameter 8 were integrated over the resonance length. For
example, Gg(z) = [dz'gp(2")/[1 + (z — z)?/12], where g = 7¢/74|V| is the local SBS spatial growth rate which
includes the effects of density inhomogeneity, intensity enhancement, local heating, and the density-depletion. The
dependence of SBS emission angle on 3 is described in,® and the parameter 3 is defined by a similar formula with
gp in the right hand side substituted by /gs/kea2.

The SBS reflectivity, Rg(P), has been calculated for a given input power P after Eq. (1) has been solved and
the axial dependence of the speckle radius, a(z), was known. The dependence of the SBS reflectivity on the speckle
power is shown in Fig. la for a weakly collisional case, ag/Aei & 0.5 for f-number 6 and 0.25 for f = 3. The cases of
the ponderomotive self-focusing and the SBS without self-focusing are shown for comparison. There are two effects
associated with the thermal nonlinearity: (i) the threshold of self-focusing (and the SBS threshold, correspondingly) is
reduced due to the speckle heating as compared to the ponderomotive case, and (ii) above the self-focusing threshold
the level of SBS reflectivity is reduced because of much stronger density depletion and temperature enhancement in
the speckle. It is important to notice that the full model demonstrates a weak dependence on f-number, which is
not the case for the reduced models.

2.3. Macroscopic SBS reflectivity

The local macroscopic backscattering reflectivity, is defined as an ensemble average of a single-speckle reflectivity,
assuming that all speckles are independent. According to,2 (R) describes an increase of the SBS intensity at one
Rayleigh length, Lg = koad: (R) = [udu f(u)Rp(ma?(I)u), where (I) is the local average laser intensity. The



limits of integration, 4min = 1.5 and umqez = 10, where chosen in such a way that they do not affect the result
in the parameter range we considered. The speckle distribution function was taken from.® For the RPP beam:
frep(u) ~ 0.95u3/2e~%. For the case of polarization smoothing (PS), which corresponds to overlapping of two RPP
fields of a half of average intensity and orthogonal polarizations, fps(u) = 2frpp(2u). A relation between the radius
of the Gaussian beamlet introduced in Sec. 2.1 and the laser beam f-number was chosen in such a way that the
Gaussian speckle has the same power and the same maximum intensity as the cylindrical flat-top RPP speckle used
in®: ag = (2/7) fo.

A typical dependence of the averaged SBS reflectivity on the plasma density and the laser intensity is shown
in Fig. 1b. (The PS reflectivity demonstrates a similar behavior but it is always lower than the RPP reflectivity
because there are less high intensity speckles in that case.) The SBS reflectivity exponentially increases with the
density, while it clearly saturates as a function of the laser power, and it also demonstrates a very weak dependence
on the beam f-number. These dependences are similar to what has been observed in the LULI experiments.

3. MODELING OF THE LULI EXPERIMENT

The equation for the average laser intensity accounts for the SBS and the inverse Bremsstrahlung (IB) absorption*:
d-(I) = —((RB)/Lgr + kr8){I), where ;g is the IB absorption coefficient. The incident laser intensity has a
Gaussian radial and temporal profile, (I)in. = loexp (—t?/t}, - r?/r} ) with t;o; = 335 ps and 14, = 125 um for
the f/6 beam. The plasma density depends exponentially on time, Ntop(t) = Nmaz €XP (~t/tpias) With tpas = 530
ps, and has a bell-like profile in the direction of the laser beam propagation, ne = ne,p/(1 + 2°/L% + z* /L%,
where the parameter Ly could be a function of nyp. In the present model we use the following parametrization:
Ly(pm) = 500/[n¢op/nc + (Nop/nc)®*7], which is a numerical fit to the density profiles found in hydro simulations
of plasma expansion. The plasma temperature was set to 600 eV for electrons and 300 eV for ions. The plasma
expansion velocity depends linearly on the coordinate, u = ¢,z/L,, with a constant L, taken from the experiment:
L, = 120 pm for nmee = 0.4n., 200 um for 0.2n., and 280 um for 0.1n,.

Using these parameters we calculated the density dependence of the total, space and time integrated SBS reflec-
tivity for a given laser pulse energy and compared it with the observations in Fig. 2a. The results from reduced
models (with the ponderomotive self-focusing and without any self-focusing) are shown also for comparison. It is
evident that the thremal effects in self-focusing are important to explain the experiment. One can see two different
slopes in the reflectivity dependence on the density which correspond to two different effects in the SBS saturation.
Namely, the SBS is saturated due to the density depletion at low intensities, npq; < 0.2n, and due to the pump
energy depletion for n,q, > 0.2n,.

The energy dependence of the integrated SBS reflectivity is shown in Fig. 2b for the case of f/6 RPP laser beam.
The model is in agreement with observations for the whole range of studied energies. It explains the SBS threshold
at the energy level of 5 — 10 J. Non of other variants of the model is able to reproduce the experimental results. The
ponderomotive self-focusing predicts about two times higher threshold and too high reflectivity above it. The SBS
model without self-focusing predicts even higher threshold and very different dependence of the reflectivity on the
laser energy. Similarly to what has been observed in the experiment, the model reflectivity weakly depends on the
f-number for the same laser pulse energy and it also predicts a correct time evolution and spatial location of the

SBS.

4. DISCUSSION

This comparative analysis illustrates that the present model incorporates the important elements of the SBS physics
relevant for the parameters of the present experiments. The speckle self-focusing is required to explain the SBS at
low beam energies and the ratio of SBS reflectivities for the RPP and PS beams. The thermal heating in a speckle
further decreases the SBS threshold and it also enhances the density and temperature perturbations, which are the
important factors for the early SBS saturation. Similar results have been obtained for the plasma with the maximum
density at the peak of the laser pulse of 0.1 and 0.4 of the critical density and for the aluminum plasma. The thermal
effects are also important for the plasma in NIF and LMJ targets. The electron density in hohlraums is about 102!
cm™3 and the electron mean free path is a few microns for the electron temperature of 3 keV in the CH plasma.
The thermal effects are already important in such conditions, but they would be even more important in a high-Z
plasma near hohlraum walls where the electron mean free path could be less than a tenth of micron.

This work was partially performed under the auspices of the U.S. Department of
Energy by the University of California, Lawrence Livermore National Laboratory,
through the Institute for Laser Science and Applications, under Contract No.
W-7405-ENG-48.
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Figure 1. a) Dependence of the SBS reflectivity from a single speckle on the incident power (normalized to the
critical power for the ponderomotive self-focusing). Dark lines (1) represent the result of the full model, which includes
the ponderomotive and thermal self-focusing. Fine lines correspond to the case of ponderomotive self-focusing (2) or
the case of SBS without self-focusing (3). Solid lines correspond to the case of f = 6, while dashed lines represent
the case of f = 3. The parameters are typical for the LULI experiment: CH plasma with n./n. =0.2, T, = 600 eV,
T; = 300.eV, L, = 800 um, and L, = 200 um. b) Dependence of the averaged SBS reflectivity on the plasma density
for the f = 6 RPP beam and for different laser intensities normalized to the critical power for the ponderomotive
self-focusing, (p) = (I)ma3/F, = 0.05 (1), 0.2 (2), and 0.5 (3). Solid lines correspond to L, = 120 um, while dashed -
lines correspond to L, = 200 um. Other parameters are the same as in panel a.
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Figure 2. Model predictions and experimental results for dependence of SBS reflectivity on the plasma maximum
density (a) and on the laser average intensity (b) for the f/6 RPP (1, 3, 5) and PS (2, 4, 6) beams. Dark lines 1 ans
2 correspond to the full model. Light lines 3 ~ 6 are the predictions of the reduced models with the ponderomotive
self-focusing (3, 4), and without self-focusing (5, 6). Shaded blocks are the experimental results for the CH plasma
irradiated by the laser beam with the maximum average intensity 10'* W/cm? (a) and at the maximum density
Nmaz = 0.2n.. Other parameters are described in the text.



